Bovine serum albumin (BSA) may have an inhibitory or promoter effect on hydroxyapatite (HA) nucleation when apatite is precipitated in a medium containing the protein. In this study we evaluated the influence of BSA on the precipitation of calcium phosphate phases (CP) from simulated body fluid (SBF) when the protein was previously bounded to HA surface. The kinetics of BSA immobilization onto hydroxyapatite surface was performed in different buffers and protein concentrations in order to adjust experimental conditions in which BSA was tightly linked to HA surface for long periods in SBF solution. It was shown that for BSA concentration higher than 0.1 mg/mL the adsorption to HA surface followed Langmuir-Freundlich mechanisms, which confirmed the existence of cooperative protein-protein interactions on HA surface. Fourier Transformed Infrared Attenuated Total Reflectance Microscopy (FTIRM-ATR) evidenced changes in BSA conformational state in favor of less-ordered structure. Analyses from high resolution grazing incident X-ray diffraction using synchrotron radiation (GIXRD), Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) showed that a poorly crystalline calcium phosphate was precipitated on the surface of HA discs coated with BSA, after the immersion in SBF for 4 days. The new bioactive layer had morphological characteristics similar to the one formed on the HA surface without protein. It was identified as a carbonated apatite with preferential crystal growth along apatite 002 direction. The GIXRD results also revealed that BSA layer bound to the surface inhibited the HA dissolution leading to a reduction on the formation of new calcium phosphate phase.
Introduction
Albumin is the most abundant protein in the circulatory system, possessing low content of tryptophan and methionine and a high content of cystine and charged amino acids, aspartic and glutamic acids, lysine, and arginine. Its great affinity to hydroxyapatite could be explained by the presence of charged residues that can bind to phosphate and calcium sites on hydroxyapatite surface. The aspartic and glutamic acids residues could bind to calcium site while lysine and arginine could bind to phosphate groups [1] .
The proteins adhesion onto biomaterial surface is a key point in bioengineering because of the fundamental role that proteins play in the contact between inorganic surface and a biological environment. For applications involving hard and soft tissues regeneration an excellent adhesion of selected proteins allows, in most cases, a better biocompatibility and a better recovery of the biological function of the implants. In this sense, the protein may play two important roles: the first due to its specific biological activity, the second due to its importance in the processes of biomineralization as inhibiting or promoting [2] the calcium phosphate formation.
In vivo studies support that serum proteins are adsorbed immediately on the surface of HA after implantation and the initial cellular response are dependent on the proteins adsorbed by the implant surfaces [3] . The first protein layer adsorbed on the implant surface affects the cellular adhesion [4, 5] , differentiation and extracellular matrix production. It also affects dissolution, nucleation and crystal growth of HA [6, 7] . Therefore, the kinetic study of protein adsorption onto biomaterials is primordial to understand the nature of interactions between surfaces and proteins and in some cases allow us to assess the arrangement, and the conformation of the proteins onto the biomaterial surface. In general, the protein adsorption occurs in two steps [8] : first, the protein is rapidly adsorbed and forms a strongly bonded denatured monolayer due to a multiple site binding. The Open access under the Elsevier OA license.
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layer begins to be formed slowly and leads to a monolayer of nondenaturated with biological activity. Information concerning the surface coverage could be obtained by adsorption isotherms. The Langmuir isotherms have been used to explain the protein monolayer formation on biomaterial surface. However, many factors could also influence the adsorption process such as (i) multiple-site binding for protein, which often results in irreversible adsorption and denaturation, (ii) the heterogeneous nature of most solid surfaces, and (iii) lateral and other cooperative interactions. As a consequence, other models such as Temkin, Langmuir-Freundlich, Bilangmuir, and extended Langmuir (multilayer) have been tested in the recent years [9] . Consequently, is primordial to find out a model that is able to account for these interactions most efficiently in a qualitative as well as a quantitative way.
Concerning the biomineralization process several works suggest that BSA inhibit the hydroxyapatite formation when apatite is precipitated in a medium containing the protein [10, 11] . Mueller and Sikes [12] suggested that there are biomineralization inhibitors that affect the nucleation and crystal growth of apatite. In the first case the biomolecules could bind to the ions present in simulated biological fluid by sequestering lattice ions therefore reducing ion activity and inhibiting nucleation. In the second case the biomolecules affect the crystal growth by binding to crystal surfaces rather than ions present in simulated biological fluid. Conversely, Marques et al. [11] increased the carbonate content of simulated inorganic plasma containing BSA (CSIPA) causing a higher mineralization on calcium phosphate ceramics and bioglass substrates when compared with simulated body fluid containing BSA (SBFA).
In general, the effect of albumin on hydroxyapatite crystallization has been studied by the addition of BSA into aqueous media or simulated body fluid containing calcium and phosphate. In these cases the protein is widely dispersed in the medium where apatite crystals are forming. However, few works studied in detail the precipitation of calcium phosphates onto wide surfaces where BSA was previously adsorbed. In this work we investigated the kinetics of BSA adsorption onto apatite surface and the conditions where mono and multilayers of proteins are formed. This study also focused on the characterization of the calcium phosphate layer (CP) precipitated onto HA surface previously coated with a film of BSA, after the immersion in simulated body fluid (SBF) for 7 days. The role of BSA on hydroxyapatite bioactivity is discussed.
Materials and methods
Hydroxyapatite (HA) was synthesized via wet method as described elsewhere [13] . The powder was uni-axially pressed at 30 KN into discs with diameter of 10 mm and thickness of 1 mm. These samples were then sintered with a temperature increment of 10 • C s −1 until reaching 1000 • C and left during 2 hours at this temperature. Bovine serum albumin (BSA) a well-characterized protein with a molecular weight of 69 kDa, isoelectric point of 4.9 (14) and dimensions of 14.0 nm × 4.0 nm [15] was obtained from the Sigma Chemical Co. (A7638, crystallized and lyophilized). BSA structure contains 70% of ␣ helix and 15% of ␤ sheet [16] .
The HA sample had a Ca/P ratio of 1.67 ± 0.03, which was measured by X-Fluorescence and specific surface area of 45 ± 5 m 2 measured by BET method. Conventional X-ray diffraction was used to characterize hydroxyapatite powder samples. For a better understanding of the HA discs, surface samples were characterized by grazing-incidence X-ray diffraction technique (GIXRD) performed with synchrotron radiation operating at the energy of 9000 eV (wavelength of = 1.377Á) fixed incident angle theta = 0.5 • and 1.0 • , 2 theta in the range of 9-50 • at a rate of 0.04 • /point/second. This method provided a high photon density and a better pick resolution for the HA surface structural analyses. The GIXRD measurements were performed at the Brazilian Synchrotron Light National Laboratory (LNLS). Fourier Transformed Infrared Attenuated Total Reflectance Microscopy (FTIRM-ATR) studies were performed using a Shimadzu IR-Prestige-21/AIM-880 operating in Attenuated Total Reflectance (ATR) mode from 700 to 4000 cm −1 . Surface images of HA disc no-coated (HA) and coated with BSA (HA + BSA) were obtained by SEM (Jeol-JSM-6460 LV) with dispersive energy spectrometer (EDS). Surface topography of HA disc before and after BSA adsorption with different concentrations were performed using a Nanowizard AFM (JPK) operating in intermittent contact with a resonant frequency of ∼75 kHz.
BSA adsorption isotherms
Adsorption experiments were carried out in a batch system using HA powder and HA discs. Tubes containing 0.1 g of HA (in triplicate) were incubated with BSA (8 mL of solutions from 0 to 2 mg/mL) and moderately shaken for 24 h at 37 • C. Incubation period of 72 h showed no significant difference in the amount of protein adsorbed. A control was set up at the same BSA concentration (without HA) to allow corrections to be made for protein losses in the system. BSA adsorption isotherms were performed using 0.01 M and 0.05 M of phosphate buffer (K 2 HPO4/NaOH) and 0.01 M of acetate buffer (acetic acid/NaOH) solutions at pH 6.0. After incubation time, the supernatant obtained was analyzed by UV-Vis spectrometry. The amount of adsorbed protein was calculated from solution depletion. The same experiment described above was performed using HA discs and 0.1 mg/mL BSA. To know the amount of protein that was not effective adsorbed the HA + BSA samples were immediately immersed in phosphate buffer and the suspension was again moderately shaken for 24 hours at 37 • C and analyzed by UV-Vis.
In vitro bioactivity test
SBF is an acellular aqueous solution with an ionic composition that closely resembles the human plasma and buffered to physiological pH 7.4 (n-SBF) [17] . The assessment of in vitro bioactivity was carried out by soaking HA and HA + BSA discs (0.1 mg BSA/mL in 0.05 M phosphate buffer) using 15 mL of Hepes-buffered "SBF", maintained at 37 • C in polyethylene tubes. After soaking period of 7 days the discs were removed from the fluid, gently washed with Milli-Q water and dried at 37 • C before characterization. To evaluate surface modification occurred by HA dissolution in aqueous media a control sample was set up in parallel with HA disc immersed in 15 mL of Milli-Q water. Solution aliquots were collected with a micropipette, centrifuged and filtered through a 0.22 m Durapore membrane (Millipore) with diameter equal to 13 mm. The calcium and phosphorus concentrations of the filtrate were determined by ICP-OES. All experiments were performed in triplicate, by running three parallel independent tubes simultaneously.
Results and discussion

The BSA adsorption onto hydroxyapatite surface
The adsorption of BSA onto HA surface by different protein concentrations in phosphate buffers (0.05 M and 0.01 M) and acetate buffer (0.01 M) are shown in Fig. 1 . The adsorption was slightly more efficient on 0.01 M acetate buffer than on 0.01 M phosphate buffer, indicating that the buffer nature has no significant effect on BSA adsorption onto HA surface.
The increase of phosphate concentration from 0.01 to 0.05 M caused a decrease of BSA adsorption by HA surface. This behavior was also observed by Yin et al. [18] . This could be attributed to the affinity of phosphate groups for HA calcium sites [19] . Additionally, the increase of phosphate concentration on the aqueous medium lead to more PO 4 3− in the diffusion layer of the electric double layer at HA surface resulting in an increase of negative Zeta potential [20] . This effect enhances the electrostatic repulsion force between HA and BSA and could explain the decrease of BSA adsorption for higher phosphate concentration. Independently of the buffer concentration no protein was released from HA surface after 24 hours of desorption experiment at pH = 6.0 and 37 • C.
The adsorption process of BSA onto HA surface was also investigated by fitting the experimental data of Fig. 1 with Langmuir, Freundlich and Langmuir-Freundlich equations. The Langmuir isotherm theoretically supposes that the adsorption takes place on fixed homogenous absorption sites of equal energy forming a monolayer surface coverage, with no interactions between molecules adsorbed. The Langmuir model can be described by the equation: a = a m Kc e /(1 + Kc e ), where a (mmol g −1 ) and c e (mmol L −1 ) are the equilibrium concentration of adsorbate on an adsorbent surface and the adsorbate concentration in solution, respectively. The constant K is the equilibrium constant that represents the affinity between adsorbate and adsorbent and a m is the maximum amount adsorbed on surface (mg m −2 ) [21] . The Freundlich model can be expressed by the equation: a = Kc e 1/p in which K is the equilibrium constant and p is a power parameter. The Freundlich model does not show a saturation of adsorbent surface, the adsorbed amount increases indefinitely with the concentration in solution. The Langmuir-Freundlich isotherm is simple generalization of both isotherms [22] . It makes a good description of adsorption kinetics with adsorption binding interaction among adsorbents molecules. The equation for this isotherm is: a = a m (Kc e ) r /[1 + (Kc e ) r ], where c e is the adsorbate concentration in equilibrium, K is the affinity constant that includes contribution from surface binding to monomer, monomer-dimer, and more highly associated forms of proteins. The Langmuir-Freundlich coefficient number r represents the cooperativity present in the binding interaction (r = 1 represents no interacting site, r > 1 a positive cooperativity and 0 < r < 1 a negative cooperativity) and a m represents the maximum binding sites or amount of protein adsorbed if each available adsorption site is occupied by a protein molecule [21] . It is known that there are dimmers and hexamers of BSA on aqueous solutions and this quaternary structure is probably involved during the adsorption process at high concentration [4] .
For all phosphate or acetate buffers concentrations used in this work, the adsorption process did not follow a typical Langmuir equation as observed elsewhere [19] , probably because the adsorption process involved protein-protein interactions. For 0.01 M buffer concentration -phosphate or acetate -a good agreement to the data points was obtained by fitting the adsorption isotherms with a Langmuir-Freundlich equation as shown in Fig. 2a and b and Table 1 . The nature of buffer did not influence the adsorption efficiency (a m and K parameters). The positive values of r higher than unity indicated the existence of a positive cooperativity in the protein-protein interaction. The increase of the buffer concentration induced an enhancement of the cooperative interaction between BSA molecules and a decrease of the maximum adsorption sites. This behavior could be explained by the competition between phosphate groups (buffer) and COOH groups from BSA for HA surface sites as showed by Wessel et al. [19] and Yin et al. [18] . The maximum binding sites and the affinity constant (a m = 1.5 mg/m 2 and K = 2.5 mL/mg, considering HA BET area of 45 m 2 /g) of the HA used in this work were higher than those obtained by Wassel et al. [19] (a m = 0.62 mg/m 2 and K = 0.15 mL/mg) using a calcium deficient HA with specific surface area of 26 m 2 /g and a Langmuir fitting. The higher values of a m and K parameters verified in this work may be explained by the composition and stoichiometry of the HA surface. The BSA adsorption on HA showed a complex kinetics pattern when phosphate buffer increased to 0.05 M. In this condition the data points could not be fitted by a single equation for all protein initial concentrations. As shown in Fig. 2c the best simulation was achieved by using a Langmuir-Freundlich equation for BSA concentration below 0.4 mg/mL and a pure Freundlich equation for BSA concentration above 0.4 mg/mL. Some conclusions could be taken from these results: (i) the increase of buffer concentration leads to a decrease in adsorption and binding affinity, (ii) a typical Langmuir behavior, associated to a protein monolayer formation and a HA surface with homogeneous distributed sites was not found, (iii) the occurrence of a Langmuir-Freundlich mechanism suggested the existence of cooperative protein-protein interaction on HA surface even for low concentration of BSA, (iv) at high protein concentration the interaction between BSA molecules predominated at HA surface. Many aspects might be considered to understand the non-typical Langmuir adsorption process obtained in this work. One aspect is the heterogeneity of protein surface and its molecular shape that brings to a multiplicity of possible interactions between protein and surface. For example, proteins that possess the ellipsoidal shape two types of orientation of adsorbed molecules may occur: side-and end-on adsorption if major axis is parallel and perpendicular to solid surface, respectively [23] . Conformational change or change in lateral interaction may run concurrently with the adsorption process. Discontinuities in the adsorption isotherms as observed in this work may indicate different concentration-dependent orientation of adsorbed molecules at interface due to a non-spherical protein shape [24] .
The ability of BSA to establish strong molecule-molecule interaction when in contact with HA surface was confirmed by AFM analyses performed in sintered discs (1 cm 2 in diameter) before and after the protein adsorption. For BSA initial concentration of 0.05 mg/mL with 24 hours incubation time, the AFM images revealed a thin BSA film covering the HA disc surface still maintaining visible the HA grain boundaries (Fig. 3b) . The protein was homogenously distributed over the HA disc surface but small aggregates of protein could be detected at grains surface. The adsorption pattern changed drastically when higher BSA concentrations were used (2.0 mg/mL). In that case, the adsorption was not homogeneous and large aggregates of protein were formed in different parts of discs surface as shown in Fig. 3d and f. These agglomerates can be produced when surface coverage exceeds a saturation value as suggested by Xu et al. [14] .
The reactivity of HA and HA + BSA surface
The reactivity of HA + BSA surface was evaluated by its capability to induce the crystallization of a new calcium phosphate when the surface was in contact with a simulating body fluid solution (n-SBF).
For this evaluation, HA discs were coated with a high BSA concentration (1.42 × 10 −6 mmol/cm 2 ) in order to cover the whole HA surface with protein layers and to promote a strong protein-protein interaction on HA surface. In such condition the stability of BSA film on HA surface was assured for periods up to 7 days.
After 7 days soaking in n-SBF, HA discs with BSA (HA + BSA/SBF) and without BSA (HA/SBF) were both fully covered by a thick layer of crystalline particles as observed by SEM, Fig. 4a and b. That thick layer was further characterized as a poorly crystalline calcium phosphate phase (CaP) by FTIRM-ATR and GIXRD measurements. The new layer presented similar crystal morphology in discs with and without BSA. In order to investigate the influence of BSA on the formation of the apatite layer the precipitation rate of calcium and phosphorous onto discs surface were followed by ICP. As shown in Fig. 5 , calcium and phosphorous concentration on n-SBF solution decreased gradually with time confirming the precipitation of a new calcium phosphate on HA and HA + BSA discs surface. However, calcium precipitation from SBF solution onto HA + BSA discs was more intense than onto HA discs without BSA while phosphorus concentration decreased equally for HA + BSA and HA discs. Two reasons could explain this effect: (i) BSA layer isolated the HA surface from n-SBF solution and (ii) the affinity of BSA to calcium ions. In the first case the inhibition of calcium dissolution from HA surface by the BSA layer reduced the coprecipitation of the new calcium phosphate coating layer. The BSA layer acted as I shield against HA surface dissolution, reducing the precipitation of the new bioactive calcium phosphate phase. The affinity of BSA with calcium ions by the charged amino acids residues of the protein might also contribute to the difference on calcium precipitation in favor of HA + BSA discs [25, 26] .
The structure of discs surface with and without BSA, before and after incubation in n-SBF, were characterized by GIXRD using 9 keV X-rays and an incidence angle of Â = 1 • (HA disc, control) and Â = 0.5 • (for all other samples). In such conditions the penetration depth of X-rays into HA (density of 3.16 g/cm 3 ) was about 800 nm. The GIXRD analysis of discs before incubation in n-SBF exhibited a XRD pattern with strong and thin peaks. Peaks position and peaks linewidths corresponded to a well-crystallized hydroxyapatite (JCPDS 09-0432), as shown in Fig. 6a and b. The axial pressing and sintering used to process HA discs induced changes on the relative intensities of (2 1 1), (1 1 2), (3 0 0) peaks, Fig. 6a and b.
The GIXRD patterns of HA sample after 4 days incubation in n-SBF, HA/SBF, showed significantly changes in respect to non-treated sample, Fig. 6c . Peaks intensity due to HA substrate decreased dramatically indicating that X-rays beam was mostly adsorbed by the new layer precipitated onto HA surface, as revealed the SEM analyses. The GIXRD pattern of HA/SBF was composed by broad peaks from the new layer and thin peaks from the HA substrate, both located at the same Â position. Therefore, the new compound could be also attributed to a HA phase with a more disordered structure than the substrate. In addition, the crystalline order of the new HA phase had a strong preferential orientation along HA c axis because (0 0 2) peak was more intense than (2 1 1, 100%), (3 0 0, 60%) and (2 1 1, 60% ). This behavior was characteristic of needle shape particles with crystal growth along the HA c direction. That crystalline preferential orientation along the surface was also observed in nanometric thin films of HA deposited onto silicon substrates [27] .
After 4 days incubation in n-SBF, sample HA + BSA/SBF also showed a GIXRD pattern composed of thin peaks due to the disc substrate and broad peaks from a low crystalline coating layer precipitated during the contact with SBF solution, Fig. 6d . As already observed in sample HA/SBF, the broad peaks and thin peaks due to HA substrate had the same position. This effect was illustrated in Fig. 7 : while the positions of (0 0 2) peaks were coincident for the three samples, HA + BSA/SBF and HA/SBF presented larger (0 0 2) linewidths than HA/BSA. This lead to the conclusion that the precipitated layer on HA + BSA/SBF disc was also formed by a low crystalline HA, as in case of HA discs after n-SBF soaking.
However, some differences between the GIXRD patterns of HA + BSA/SBF and HA/SBF could be observed. First of all, the substrate reflections, (2 1 1), (1 1 2) (3 0 0) and (2 0 2), were more intense in sample HA + BSA/SBF than in sample HA/SBF, as shown in Fig. 6c and d . This effect was attributed to the reduction of the coating layer thickness when BSA was previously bound onto disc surface. Since the precipitated layer became thinner, the X- ray tends to penetrate more deep into the disc surface promoting an enhancement of GIXRD substrate peaks. Second, the GIXRD pattern of HA + BSA/SBF coating layer also showed a preferential orientation along (0 0 2). However, this preference for particle crystallization along c direction was not so pronounced as in case of HA disc without the protein. GIXRD analyses also revealed that a poorly crystalline HA was also formed onto disc surface previously adsorbed with a layer of BSA. On the other hand, the protein acted as a protection layer against HA dissolution and coprecipitation processes, leading to an inhibition of the precipitation rate of the new coating layer.
One interesting finding revealed by the GIXRD analyses was that HA + BSA and HA + BSA/SBF substrates presented HA diffraction patterns corresponding to two HA structures while a unique HA phase was associated to HA/SBF substrate, Fig 8. . The existence of double GIXRD patterns indicated that the most superficial layer of the HA disc (thickness < 800 nm) had cell parameters slightly different from the interior. In this case the GIXRD pattern is constituted by two contributions: (i) from the disc interior and (ii) from a superficial layer located just beneath the disc surface. In a conventional XRD measurement with Cu k␣ radiation it is not possible to identify peaks from surface phase because reflections from the disc interior dominate. When GIXRD is performed with a high intensity beam from synchrotron radiation the surface contribution is enhanced and small changes in the structure of nanometric surface layers can be detected. The, mechanical deformations and strains induced at disc surface by processing -uniaxial pressing and sinteringwere probably the responsible for the superficial layer with unit cell parameters slightly different from the bulk [28] .
The existence of one phase in the GIXRD pattern of HA/BSA substrate, Fig. 8 could be attributed to the dissolution of the strained surface layer during the incubation in SBF for 4 days. This dissolution contributed for the precipitation of the CaP coating layer as was discussed previously. A different situation occurred when BSA was previously bound to disc surface, as shown in Fig. 8 . In that case the GIXRD pattern of the strained layer was still detected after 4 days incubation in SBF indicating that BSA acted as an isolating layer, inhibiting the HA surface dissolution.
The diagram of Fig. 9 summarizes the previous conclusions concerning the formation of the new calcium phosphate layer (CP) onto HA surface with and without BSA when discs are in contact with a simulated body solution. As shown in Fig. 9 , calcium and phosphate ions from SBF and from surface dissolution contribute to the supersaturation condition that is a necessary for CP precipitation onto HA surface. When BSA is bound onto HA surface the release of Ca and P from dissolution is blocked and supersaturation condition is not so favorable. As consequence, the efficiency of CP precipitation tends to be lower when compared to HA surface without the protein.
FTIRM-ATR microscopy was used to obtain additional information concerning the binding of BSA onto HA surface and the nature of the calcium phosphate layer precipitated onto discs during the incubation in Milli-Q water and n-SBF. This technique was sensitive to detect vibrational spectra from ionic groups located in a surface layer of HA discs within 3 m in thickness. The FTIRM-ATR spectra of HA discs after incubation in water, Fig. 10 , showed straight bands at 1087 cm −1 , 1062 cm −1 , 1006 cm −1 and 959 cm −1 that were attributed to phosphate groups in crystalline apatite environment [29] . The band at 1006 cm −1 , not usual in powder HA, could be attributed to changes in phosphate vibrational modes due to surface micro-strain induced by axial press and discs sintering. This aggressive treatment could affect the vibration modes of phosphate groups and the FTIRM-ATR band positions as also observed by Zeng et al. [30] .
The FTIRM-ATR spectra of HA + BSA presented phosphate bands of HA substrate and bands due to amide I and II groups of BSA, Fig. 11 . According to the literature intense interactions with surfaces can change the protein conformation or induce protein denaturation [31] . The position of amide I band is frequently used to monitor conformational changes on proteins during adsorption process [32] , which could affect protein biological activity [33] . In this work, the BSA amide I vibrations were observed at 1686 cm −1 and 1645 cm −1 whereas the native BSA alpha-helix bands, which correspond to the main secondary structure of the protein usually occur at 1660-1650 cm −1 [34] . This change in amide I bands position indicated that interaction with HA surface induced strong changes in BSA conformational state in favor of less-ordered conformations [32] . The amide II bands due to N-H bending and C-N stretching vibrations were observed in the same position (1550 cm −1 ) as amide II band of native BSA. However, an additional band at 1520 cm −1 could be attributed to an interaction between N-H and positive charged sites (calcium sites) of HA surface.
The FTIRM-ATR spectra of HA and HA + BSA discs after the immersion in n-SBF for 7 days (Figs. 12 and 13 ) differed from those of non-treated discs (Figs. 10 and 11 ). Phosphate bands in the 900-1200 cm −1 region were broad confirming the XRD results that the new phase precipitated onto HA surface was poorly crystalline calcium phosphate. As shown in Fig. 12 , HA/SBF sample showed a very intense phosphate band centered at 1017 cm −1 with shoulders at 1104 cm −1 and 960 cm −1 . These bands are characteristics of PO 4 3− and HPO 4 2− in calcium deficient HA. Carbonate bands at 872 cm −1 , 1416 cm −1 , 1440 cm −1 and 1478 cm −1 indicated that a carbonated HA was precipitated onto the disc surface. The 1592 cm −1 band was characteristic for water associated with HA [29] . FTIRM-ATR spectrum of HA + BSA/SBF, Fig. 13 , presented phosphate band centered at 1019 cm −1 with shoulders at 1099 cm −1 and 958 cm −1 . These bands were assigned to PO 4 3− and HPO 4 2− in calcium deficient HA. The carbonate bands were also present at 872 cm −1 and 1419 cm −1 , with small bands at 1445 cm −1 and Fig. 13 . FTIRM-ATR spectra of HA + BSA/SBF after immersion in n-SBF for 7 days.
1478 cm −1 , confirming that n-BSA layer onto HA surface was also capable to induce a carbonated apatite coating onto the disc surface.
Conclusion
Albumin was strongly adsorbed on HA surface and remained bounded to the surface up to 7 days of immersion in n-SBF. The BSA binding affinity to HA surface decreased with the increase of phosphate buffer concentration. No significant change in BSA adsorption was verified when the experiment was performed in the 0.01 M acetate buffer concentration. The BSA sorption onto HA surface, even for low BSA concentration, did not follow a Langmuir behavior that involves the formation of a monolayer of non-interacting proteins. The occurrence of Langmuir-Freundlich mechanisms for all protein concentrations indicated the existence of strong cooperative protein-protein interactions on HA surface. These strong interactions enhanced the formation of protein aggregates on HA surface as could be verified by AFM analyses. The GIXRD analysis combined with FTIRM-ATR spectroscopy showed that BSA coating promoted the precipitation of a poorly crystalline carbonated hydroxyapatite on HA surface with preferential crystal growth along apatite c axis direction. However, the in vitro bioactivity of HA surface coated with BSA was reduced in comparison to the uncoated surface. The explanation for this reduction was based in the proposal that the new apatite layer was formed by two contributions: the precipitation of calcium and phosphorus from SBF and the dissolution of the apatite surface. When the protein layer was bound to the HA surface the second contribution was reduced, leading to a decrease of the calcium phosphate precipitation.
